Bees, like humans, can continue to see a surface from its color even when the scene's global illuminant changes (which is a phenomenon called color constancy). It is not known, however, whether they can also generate color-constant behavior in more natural complex scenes that are lit by multiple lights simultaneously, conditions in which most computational models of color constancy fail. To test whether they can indeed solve this more complex problem, bumblebees were raised in a highly controlled, yet ecological relevant environment consisting of a matrix of 64 artificial flowers under four spatially distinct lights. As in nature, the bees had no direct access to spectral information about the illuminants or flowers. Furthermore, the background of all of the flowers in the matrix was black, independent of illumination. The stimulus information presented to the bee was, therefore, far more constrained than that normally experienced in nature. And yet, bees learned to identify the rewarded flowers in each differently illuminated region of the matrix, even when the illumination of one of the regions was switched with one the bees had not previously experienced. These results suggest that bees can generate color-constant behavior by encoding empirically significant contrast relationships between statistically dependent, but visually distinct, stimulus elements of scenes.
T he spectral quality of the light that falls on the eye is determined by surface reflectance and illumination: If the illuminant is changed, the light reaching the eye from the surface will also change. Any spectral element of a stimulus is therefore ambiguous vis-à-vis its underlying source, because its spectral quality could represent many different combinations of reflectance and illumination. Understanding how natural systems create a sense that different spectral returns represent the same surface (called color constancy) or that the same stimulus represents different surfaces (called color contrast) in the face of indeterminate spectral information remains a principal challenge for vision research.
Like humans, bees are trichromatic and are known to experience color constancy in the sense that they exhibit colorconstant behavior (1) (2) (3) (4) (5) (6) (7) . Thus, when trained to find a flower (placed on a larger uniformly chromatic background surface) under one global light, they can continue to find the same flower (based on its reflectance) under a new global illuminant. However, despite the fact that the stimulus arising from the floral target is different in both of these conditions of illumination, the problem is fairly straightforward to solve. The reason is that the stimulus ratio from the flower and its immediate surroundings will remain unchanged no matter the quality of their shared illuminant. As such, passively adapting the receptors to the spectral average of each scene [sometimes called von Kries adaptation (8) ] or encoding the absolute contrast arising from a flower and its background will effectively discount the uncertain contribution of the illuminant to the stimulus. It is, therefore, commonly thought that both mechanisms are used by relatively simple organisms, such as insects, to overcome the inherent ambiguity of the absolute physical quality of a spectral stimulus. A more natural and challenging problem, however, is to generate color-constant behavior when multiple surfaces within the same scene are simultaneously under different lights (''dappled illumination'' across a woodland floor is a particularly pertinent example for bees). Here, we test whether the visual system of the bumblebee, Bombus terrestris, can solve this more complex challenge.
Methods
A Plexiglas flight arena measuring 1 m 3 was centrally located within a black-walled room to eliminate uncontrolled, indirect illumination ( Fig. 1) . No natural daylight was admitted into the space. The Plexiglas floral array was lit from behind by six fluorescent Reptistar 5.0 tubes (Pet Safari, U.K.) located Ϸ15 cm behind the array. The tubes were housed within an anodized aluminum light-box. Light from the tubes was diffused by a single sheet of UV-transmitting white diffusion screen (no. 216; Rosco, Munich) to provide an even, homogenous illumination. Spectral irradiance of stimuli arising from each gel filter (Rosco) was measured with an Ocean Optics S2000 (Ocean Optics, Dunedin, FL) spectrometer relative to a calibrated deuterium͞halogen radiation source DH 2000-CAL (Ocean Optics). Measurements are in W per cm 2 per nm and had to be converted into quantum-based spectra. The relative amount of light absorbed by each photoreceptor type was determined as described in refs. 9 and 10. Note that the distance between the color loci in the color hexagon is correlated with the degree to which two stimuli are perceived as differently colored, with the background color lying at the center of the hexagon. Thus, distance from the center to any of the hexagon's corners is unity. Therefore, the maximum distance between two opposite corners of the hexagon is a value of 2. Only the relevant subregion of this space is shown in the figures described below.
Results
The Environment. Visually naïve bumblebees (B. terrestris) foraged from 64 Plexiglas flowers that were transilluminated by wavelengths that span the visual spectrum of the bees (see Fig. 2 ). As shown in Fig. 1 A and B and schematically in Fig. 3A , the flower matrix was visually separated into four panels of 16 flowers each. The spectral quality of each flower was independently controlled with gel filters, as shown in Fig. 1C (see also Fig. 3A Left) . Four filters were used (which, for simplicity, are referred to as A, B, C, and D); their spectral transmittances are given in Fig. 2 . As shown schematically in Fig. 3A , each flower was repeated four times within each panel, but only the filter A flowers were rewarded (referred to subsequently as ''targets''). Thus, across the array of 64 filtered flowers, 16 were targets (4 in each panel), and 48 were nontargets (12 in each panel).
Flowers were illuminated by one of four different lights by placing a second, larger filter behind each of the four panels (shown in Fig. 1D and schematically in Fig. 3A Center) . The spectral quality of the ''illuminant'' filters was identical to those used to ''color'' the flowers (i.e., illuminant filters were also filter A, filter B, filter C, and filter D, the significance of which is described in Discussion). In short, the spectral quality of each stimulus (S) arising from the flower matrix was determined by the transmittance of two filters: the flower's filter (F 1 ) and the illuminant's filter (F 2 ), or S ϭ F 1 ⅐ F 2 (see Fig. 3A Right). As in nature, then, the floral scene in which the bees were raised was under multiple, spatially distributed lights, and each stimulus element arising from the scene was ambiguous with respect to its underlying source. It is also important to stress that the space between the flowers was opaque, which means that the stimulus arising from the region immediate to the flowers did not vary with illumination.
Raising and Testing. The bees were raised in the above-described conditions for 5 h per day over a period of 5 days (the total lifespan of a nonqueen bumblebee is 2-3 weeks; the actual age of each bee used was unknown). All foragers were marked with number tags glued onto the dorsal side of their thorax. After each 30-min training session, the location of the flower filters and illuminant filters were randomized (to eliminate spatial information), and the Plexiglas flowers washed (to eliminate olfactory information). After training, marked foragers were individually tested in the arena for 6-12 min. Visits during testing were recorded by hand only when a bee landed on a flower and extended its proboscis into its empty, central chamber (see Fig.  1 E and F). Using this criterion is advantageous for three reasons: (i) it demonstrates behavioral commitment; (ii) it is consistent with the learned behavior of the bees for obtaining nectar during their ontogeny; and (iii) it eliminates more ambiguous behavioral responses such as ''approaches'' and͞or ''landings'' from the data set.
In the first experiment, the arena was identical to the training conditions with two exceptions: the locations of the f lowers and illumination were randomized, and all f lowers were unrewarded. Only the results of bees that visited f lowers in all four panels were considered (which, in this case, were all six foragers). Their responses were pooled, after first confirming behavioral homogeneity of the population within each panel by using the Brandt and Snedecor 2 formula. During testing, there were 147 visits to f lowers across the matrix: 42 to f lowers under filter A illuminant, 23 to filter B illuminant, 40 to filter C illuminant, and 42 to filter D illuminant. No illuminant filter was therefore preferred or avoided. Of the 147 visits, 114 were to target f lowers (i.e., f lowers that were colored with filter A independent of illumination). Thus, the proportion of correct responses (k) across all four illuminants was 0.78, which is significantly greater than a k of 0.25 predicted from random behavior (d ϭ Ϫ6.852; P Ͻ0.001 by using a normal approximation to a binomial distribution). Within each panel, the average number of visits to the target f lowers was 69% under the filter A illuminant, 91% under the filter B illuminant, 78% under the filter C illuminant, and 79% under the filter D illuminant (Fig. 3D ). When these data are subjected to a 4 ϫ 2 contingency test, in which the columns represent the four conditions of illumination, there was no significant deviation, demonstrating a homogenous response under each condition ( 2 ϭ 4.3 with 3 degrees of freedom). Thus, bees learned to generate color-constant behavior within each of the four regions of illumination, suggesting that bees can perform simultaneous color constancy, much like humans (11) (12) (13) (14) . It is also important to note that bees were as proficient at selecting targets at the edges of panels, i.e., between regions of illumination, as they were at selecting nonboundary targets.. To test for their ability to generalize behavior to a novel illuminant, a new set of foragers (raised under the same conditions as above) were presented with only three of the training illuminants (filters B, C, or D) and one novel (untrained) illuminant (filter N; shown schematically in Fig. 4A ). The location of the stimuli in bee color opponent space generated by the novel illuminant (N) are shown in Fig. 4B (the spectral transmittance of this filter is shown in Fig. 2.) As in the first experiment, only the results from bees that visited all four panels were considered. In this case there were 14 foragers, 12 of which visited more than one panel: 3 bees visited two panels, 9 bees visited three panels, and 6 bees visited all four panels). Responses were pooled after first confirming behavioral homogeneity of the population (n ϭ 6) within each panel by using the Brandt and Snedecor 2 formula.
There were 93 visits to flowers across the matrix in this second test, which was again evenly distributed across all four panels: 20 to filter N illuminant, 28 to filter B illuminant, 17 to filter C illuminant, and 28 to filter D illuminant. Bees therefore visited flowers under the novel illuminant as often as they did flowers under the training illuminants. The total number of visits to the target flower (filter A) across the entire floral array was 86, making the proportion of correct responses (k) 0.92, which is significantly greater than random behavior (d ϭ Ϫ5.346; P Ͻ0.001 by using a normal approximation to a binomial distribution). Within each panel, the average number of visits to the target flowers was 95% under the novel filter N illuminant, 96% under the filter B illuminant, 82% under the filter C illuminant, and 92% under the filter D illuminant (Fig. 4C) . When subjected to a 4 ϫ 2 contingency test, there was no significant difference between these panels ( 2 ϭ 3.3 with 3 degrees of freedom). These data show that bees can generate color-constant behavior under the conditions described here when confronted with illuminants not previously experienced.
Discussion
Previous research has shown that bees can generate colorconstant behavior toward scenes composed of multiple flowers on uniform backgrounds (usually green) under different global illuminants (1-7). The most parsimonious explanation of those earlier results is that bees adapt their visual receptors to the scene's spectral average (4, 6, 7) because this strategy would effectively ''discount'' the uncertain effects of illumination from the stimulus. A more recent study, however, casts doubt on this sort of explanation because bumblebees can in fact use information about the illuminant itself as a contextual cue for differentiating between colored flowers (15) , suggesting that information about the illuminant is not in any real sense discounted at all. In the present study, we show that bees can also parse scenes into its different regions of simultaneous illumination while, within each region, generating color-constant behavior.
In rationalizing how bees generated color-constant behavior under the conditions used in this study, it is necessary to consider the actual information they experienced during their foraging lives. Remembering that the spectral quality of each stimulus in the array is determined by both the f lower's filter and illuminant's filter, each stimulus can be represented symbolically, as in Figs. 3B and 4 A, in terms of its underlying source: the illuminant filter is represented by the letter on the left side of each column, and its underlying f lower filter is represented by the letter on the right side of the same column. For instance, AB in panel 1 represents f lower B under illuminant A; each such f lower͞illuminant combination is repeated four times in each panel, but this superf luous information is not shown here. Close examination of this diagram reveals three important facts about the physical nature of the stimulus matrix. First, whereas 16 different f lower͞illuminant combinations were generated across the matrix (as shown schematically by the color of the blocks in Fig. 3B ), only 4 of these combinations generated unique stimuli, and only 1 of these 4 was from a rewarded f lower. As such, most spectral stimuli were shared between panels. For example, the stimulus generated by filter A f lowers under filter B illumination (BA in panel 2 of Fig. 3B ) was physically identical to the stimulus generated by filter B f lowers under filter A illumination (AB in panel 1 of Fig. 3B ), given that BA ϭ AB. Other examples of shared stimuli are found between panels 1 and 3 (AC and CA, respectively), and in panels 1 and 4 (AD and DA, respectively). Thus, no panel was unique in the actual stimuli it generated. More importantly, it also means that stimuli generated by rewarded f lowers under illuminants B-D (shown in panels 2-4) were physically identical to the stimuli generated by the unrewarded f lowers (B-D) under illuminant A (AB, AC, and AD) in panel 1 (where the target is AA).
Given these facts about the f lower matrix, the bees could not have used any of the following strategies to resolve the behavioral ambiguity of the stimuli they experienced: (i) they could not have simply memorized the absolute quality of rewarded stimuli, given that stimuli from rewarded f lowers in some panels were identical to stimuli from unrewarded f lowers in others, as noted above; (ii) they could not have relied on adapting to the global spectral average of the matrix, because doing so would continue to map identical stimuli from rewarded and unrewarded f lowers to the same locations in bee color space (as shown in Fig. 3C) ; and͞or (iii) they could not have encoded the spectral contrast between a f lower and its background. Because the black background did not vary with illumination, such contrast information is isomorphic with the absolute spectral quality of the f lower's stimulus. As with ii, then, applying this third strategy would also have been an ineffective way to differentiate between identical stimuli arising from rewarded and unrewarded f lowers.
Rather, the only way the bees could have identified the rewarded flowers in each panel would have been to use relational information, not between a flower and its background, but between the flowers themselves. The merits of this hypothesis can be directly considered by analyzing the constellation of stimulus elements arising from the flowers in each panel plotted in bee opponent color space (e.g., Fig. 3C ). Notice that in each case the color locus of the rewarded flower, relative to the unrewarded flowers, is always described by the same vector, one pointing toward the upper right of the space, corresponding to an increased activation of the blue and green receptors. Simply stated, the behaviorally relevant stimulus, although varying in absolute terms, was always the bluest-green stimulus within each panel. As such, for this relational strategy to be effective, the bees had to constrain their contextual processing to flowers under the same light.
Thus, one mechanism for generating color-constant behavior could have been to encode or adapt to the spectral differences between neighboring f lowers independent of their location across the matrix; in other words, to simply broaden the window of contextual processing beyond a f lower's immediate (black) background to include f lowers in its more distant surround. The problem with this strategy, however, is that it would lead to an increase in the number of foraging errors at the internal edges of each panel, where the ''local'' f lower population spans multiple illuminants (especially at the four central positions of the matrix where all four illuminants converge). However, spatial analysis of the foraging data revealed that the bees were just as adept, if not better, at finding the target f lowers at the boundaries between illuminants as they were when the rewarded f lowers were in the middle of a panel, suggesting that this strategy was not used. A more likely strategy, therefore, is that the bees used a hierarchical approach of encoding low spatial frequency contrast information across the f loral matrix (as this information was highly correlated with the boundaries between lights), which was then used to constrain their processing of higher spatial frequency relational information from the individual f lowers within each spatially demarcated region. Menzel and Kien (16) found single cells in honeybee brain with some of the necessary opponent characteristics that are consistent with this hypothesis.
Together, these data demonstrate that relatively simple organisms, such as the bee, can generate color-constant behavior within far more complex and natural environments than had previously been tested. The data also suggests that color-constant behavior is not necessarily generated by adapting to the local or global spectral average of stimuli, but represents an active process of encoding behaviorally relevant contrast relationships at different spatial frequencies according to the success and͞or failure of recent experience (17) , which enables the bee to adapt its color behavior and underlying physiology according to the ecological statistics of novel environments.
